Introduction
The skin is our largest organ and it simultaneously fulfills many functions required in everyday life. The most important function of the skin is to act as a barrier between the body and the external environment. Many immune cells are also present in the skin to provide protection against invading micro-organisms. The skin is in addition an important participant in the physiological water homeostasis and it is one of the main ways the body regulates its temperature. Normal skin has sensation with protective value; a physical tensile capacity allowing for body mobility and it provides the external contour as well as the texture and the color of the exterior.
Over the millennia mankind has been fascinated by the body's ability to heal itself. Throughout history the main goal has always been to cover skin defects and to close wounds in order to protect the human body. Skin grafting and flap surgical procedures have been used in order to facilitate wound healing for thousands of years. Due to the advances in critical care and resuscitation, patients who, in the past, would have died in the acute phase are now surviving. Consequently there is a much greater need for high-quality skin substitutes. The clinical demand has driven newer technologies, building upon principles learned using cadaver and autografts, to the creation of engineered skin substitutes using living allograft cells as well as the combining of technologies to create composites -the most advanced products and at present the closest products to living skin. An autologous split thickness skin graft currently still remains superior to all commercially available skin substitutes with regards to its unique qualities. There are, however, situations where we prefer to use non-autologous substitutes, either because the patient may be too fragile for the added surgical trauma of harvesting split-skin grafts or due to the fact that there is not enough skin which could be harvested, for example, post-burn.
Structure of the Skin
The skin consists of two principal layers: the epidermis and the dermis. The epidermis consists of a keratinized layer with no vital cells and cell layers of keratinocytes which produce keratin. The epidermis provides protection against micro-organisms and loss of fluids. The epidermis within the basal cell layer contains melanocytes that produce melanin, our skin pigmentation. The dermis mainly consists of fibroblasts and interstitial connective tissue. The fibroblasts produce collagen and elastine, which provide the tensile strength of the skin composite. The dermis also harbors hair follicles, which are lined by epidermal cells and are localized adjacent to sebaceous glands, which produce sebum. There are also sweat glands, blood vessels, and nerves in the dermis (Figure 6-1) . The dermis provides the tensile strength and elasticity that allows mobility of the skin. 1 
Historical Overview
Our ancestors struggled to treat wounds and defects inflicted either by nature or by acts of man. Skin substitutes in the form of xenografts were first used to provide wound coverage as far back as 1500 BC (frog skin). In the 1600s, lizard skin was used in western cultures and this progressed to the use of mammalian skins as well as cadaver skin during the twentieth century, including dog and rabbit skin and the still-used pigskin products. [2] [3] [4] Facial deformities such as defects after the amputation of the nose were the type of problems that received the most attention. A famed practitioner, Sushruta (circa 600 BC), described operations for reconstruction of the nose without any form of anesthesia. Tissue from the forehead was dissected but remained attached to the area between the eyebrows and was then turned down in order to reconstruct a nose and left intact for 3-4 weeks. The nasal bridge was then divided and the nose was improved in its shape. It was further described that the donor defect in the forehead healed rather well and left very little deformity. 5 During the Roman Empire, Celsus (25 BC-50 AD) raised smaller flaps which involved the skin and the fat (pieces of skin and fat, with blood circulation still attached to the body in at least one area) in order to reconstruct skin defects in facial areas. 6 Over the years, many others have contributed to new techniques and variations involving different types of flaps in order to correct defects with, but it was not until the beginning of the nineteenth century that the concept of skin grafting (auto grafting: a skin piece from one part of the body was cut loose with no attachment and no circulation, then grafted onto a well-vascularized wound on the same individual) became clinically used. Sir Astley Cooper removed skin from an amputated thumb and used it to cover the stump defect with as a fullthickness skin graft in 1817. 7 Nevertheless, skin grafting was not fully recognized and accepted for clinical use until the last quarter of the nineteenth century. In 1869, Reverdin reported that the healing of granulating wounds was improved by so-called ''epidermic grafts''. 8 In 1874, Thiersch advocated the use of larger sheets of epidermal grafts to cover wounds with and also emphasized the importance of an epidermal component in the graft with a small amount of dermis ( Figure 6-2) . The grafts used were thin split thickness skin grafts containing both the epidermis and the parts of the dermis and these pieces of skin were tangentially excised and grafted onto wounds and skin defects. The actual donor sites were then left to heal spontaneously through epithelialization from the depth and from the sides of the donor defect, which was itself superficial enough and the healing would be achieved in approximately 2 weeks. 9 Xenografts gave way to homografts in the form of allograft (cadaveric graft) and autograft. The modern development of intensive care and improved surgical techniques enabled skin and fat flaps to be developed further into tissue flaps involving, e.g., skin, fat, tendon, muscle, and bone tissue. The tissue could be harvested in one part of the body and transferred to another body region in order to cover wounds with. The blood supply after having been disconnected at the original site was re-established via microsurgery. Many other developments in modern medicine also contributed to the overall need for larger wound areas to be covered with skin, e.g., burns and trauma 10 Our increased understanding of immunology and wound healing has also been a contributing factor of great importance in modern wound management. The clinical demand of skin has driven the bio-engineering of skin, in the form of skin substitutes and skin cultivation, which will be integrated, more and more into clinical practice in the future. 11 
Wound Healing
The body will immediately respond with an acute inflammation if the skin is acutely damaged. Many physiological substances are released at this stage in order to initiate the normal wound-healing process. Granulation tissue of fibroblasts and new capillaries will grow into the wound. Collagen will be produced to provide stability and strength and an epithelialization from the wound edges will start. There are many factors that contribute to a normal wound-healing process and many others, which disturb this important process. An acute wound may not progress in the normal woundhealing process and instead become chronic. The understanding of wound healing constantly increases and many new treatments which facilitate wound healing are continuously being developed. 9 
Epidermal Wound Healing
The epidermal cells divide and migrate if damage to the epidermis has occurred. A wound no deeper than after the harvest of a split-skin graft ( Figure 6 -3) will heal spontaneously (epithelialization) if no infection arises, usually within 2-3 weeks with the correct type of wound dressing which protects from external bacteria, viruses, and particles. Damage to the epidermis does not normally result in contractive scarring but some pigmentation variation may be seen as a long-term result. The healing of the epidermis will proceed both from the wound edges as well as from the underlying tissues since there are keratinocytes which line the hair follicles. It can take several years for the basal cell membrane to remodel and for the melanocytes to migrate into the damaged area. 9 
Dermal Wound Healing
The healing of a wound, which extends deep down into the dermis, at the same depth as when a full-thickness skin graft is harvested, will take a lot longer than the healing of an epidermal superficial wound ( Figure 6-4 ). There will be no epithelialization from the deeper tissues due to lack of keratinocytes in these planes, but healing takes place solely from the wound edges. Before the epithelialization from the wound edges can take place, a layer of granulation tissue consisting of fibroblasts and capillaries will form in order to reinstitute the dermis. The actual epithelialization from the wound edges will then spontaneously start on top of the granulation tissue. The wound should decrease by 10-15% of the original size per week in order to represent normal wound healing. 12 The actual healing time of deep dermal or deeper tissue wounds will vary, all depending on the size of the wound and external interfering factors, e.g., foreign bodies, micro-organisms, and the patients' general condition. Large dermal wounds may need surgical intervention with debridements and skin grafting in order to heal. The dermal fibroblasts will produce collagen and scar tissue will form. The scar tissue in the dermis will over time be remodeled, but the scarred skin will contract and become less flexible and smoother than normal skin is. The dermal tensile strength may also be reduced in scarred skin. The skin mobility in scarred skin after dermal healing will be reduced and skin scar contractions may have to be surgically ''released'' or corrected in order to improve the function of a specific area of the body. The scarred skin after damage to the dermis also appears different in pigmentation than an individual's normal skin. The whole maturing process of a dermal scar can take several years and surgical interventions may be necessary during parts of this process in order to improve a patient's function and appearance. 9 These types of clinical problems can especially be seen in burn injuries to the hands, due to the large flexibility and mobility of the hand. It is often initially necessary to debride and excise deeper hand-burns and to cover the healthy bleeding wounds with superficial skin grafts in order to avoid secondary infections and contractive scarring with reduced hand function. Further corrective surgery may still be required later, but the early excision of the dead tissue is very important as it significantly enhances the chances of good hand function ( Figure 6 -5). 13 
Clinical Management of Wounds
Modern wound-healing treatments consist of debridement, negative pressure wound therapy, topical growth factors, the use of bio-engineered tissue, reconstructive wound-closure techniques (skin grafts, local flaps, pedicle flaps and microsurgical free flaps), and hyperbaric oxygen. It is important to have at least one of the physicians on the multidisciplinary wound team familiar with modern wound-care techniques. Debridement is the basis of all wound-healing strategies. Debriding a wound is defined as removing necrotic tissue, foreign material, and bacteria from an acute or chronic wound, all of which inhibits the wound healing. 12 An acute wound has yet to progress through the sequential stages, a chronic wound has become ''stuck'' in one of the wound-healing stages. The advent of negative pressure wound therapy has reduced the number of non-healing wounds. The negative pressure device can provide rapid formation of granulation tissues and its ability to decrease edema helps prepare the wound for simple wound-closure techniques. 14 
Pre-debridement Assessment
The goal of treating any type of wound is to create an environment that is conductive to normal and timely healing. The process begins with the identification of a correct diagnosis of the wounds' etiology and continues with optimizing the patient's medical condition, including blood flow to the wound site. A proper wound assessment before debridement is essential, the origin and age of the wound should be determined, the patient's general condition (nutrition, smoking, local circulation, etc.) must also be taken into From Basic Wound Healing to Modern Skin Engineering account and a careful medical history should be obtained to identify any possible wound-healing inhibiting medical conditions. It is also clearly important to understand the extent of a wound, specifically with regards to wound depth and the involvement of deeper tissue, e.g., tendons and bone. An underlying osteomyelitis could feed a wound with bacteria if undiscovered. 15 Magnetic resonance imaging (MRI) is today the gold standard way to diagnose osteomyelitis. An infected tendon and fascia can, in the same way, be a focus of infection. The wound-healing process and the take of a skin graft may be disturbed if the bacterial concentration on a wound is higher than 10 5 per gram of tissue. A further increase of the bacterial load could spread from a local superficial infection to a systemic one which leads to septicemia. The application of topical antibiotics such as silver sulfadiazine, mafenide acetate, and silver nitrate all help to lower the bacterial count and reduce the risk of sepsis and can these be used before wound debridement. 16, 17 Debridement Different debridement techniques include surgery, topical agents, and bio-surgery. The most important surgical step in treating any wound is to perform adequate debridement to remove all foreign material and unhealthy or non-viable tissue until the wound edges and base consist only of normal, soft, well-vascularized healthy tissue. 12 Only an atraumatic surgical technique (sharp dissection, skin hooks, bipolar cautery, etc.) should be used in order to avoid damaging the underlying healthy tissue. 18 This underlying healthy tissue will become the basis for the wound-healing progression. A chronic wound has to be converted by debridement to an acute wound so that it can then proceed through the normal healing phases. Frequent debridements remove the inhibitors of wound healing such as metalloproteases, including the collagenase matrix metalloproteinase 1 and 8 and elastase and it allows the growth factors to function more effectively. 19 An immediate debridement is necessary when a necrotizing fasciatis or an ascending cellulitis occurs in conjunction with a wound. No other treatment could achieve bacterial control in such a wound status. Biological debriding agents such as maggots are an effective alternative to surgical debridement in patients who cannot go to the operating theatre for medical reasons. The maggots secrete enzymes that dissolve necrotic tissue and the biofilm that surrounds bacteria. This forms a nutrient-rich liquid that larvae can feed on. They are placed on wounds and covered with a semipermeable dressing. Debridement by maggots is painless but the sensate patient can feel the larvae moving. Importantly maggots help to sterilize wounds because they consume all bacteria regardless of their resistance to antibiotics including methicillin-resistant Staphylococcus aureus (MRSA).
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Post-debridement Treatment
After debridement a clear, well-vascularized wound should be kept in the optimal environment for healing (moist, clean, and vascularized) in order to enable the use of growth factors. Moist healing has been shown to be far more rapid than healing under an eschar or in other dry conditions. In this environment, the wound base can support and promote successful collagen deposition, angiogenesis, epithelialization, and wound contracture; the result should be the formation of healthy red granulation tissue with neoepithelialization at the borders. Epithelializing wounds are characterized by a pink neoepithelium that usually creeps in from the edges. 12 A well-vascularized wound should, after debridement, heal by secondary intention or accept a skin graft. [24] [25] [26] Other surgical wound-closure techniques may also be required, e.g., flaps, all depending on the wound's location and extent. Exposed bone should if possible be covered with vascularized tissue, which is transferred into the wound in conjunction with the debridement. Preferably should a muscle-fatskin flap be used in order to heal the wound defect, as well as to help the bone tissue ''fight'' a threatening osteomyelitis (Figure 6-6 ).
Dressings of Wounds
There is no single dressing suitable for all types of wounds and often a number of different dressing types will be needed throughout the healing process. Dressings containing silver have returned in advanced wound care and are found used in conjunction with many products. 27, 28 Silver ions kill a broad spectrum of bacteria including methicillin-resistant Staphylococcus aureus (MRSA), Vancomycin-resistant Enterococcus, and Pseudomonas aeruginosa.
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Figure 6-6. Chronic wound with osteomyelitis and exposed bone (sternum) after heart surgery (left). Debridment and wound closure with a pedicled musculo-cutaneus rectus abdominis flap (right).
Modern Skin Engineering
Tissue engineering is an interdisciplinary scientific field that combines the principles of life science and engineering toward the development of biologic substitutes that will serve to restore, maintain, or improve tissue function. 29 First, specific cells must be harvested, isolated, and expanded in tissue culture. The second component of tissue engineering focuses on the scaffold for tissue structure. Collaboration with biomedical engineers is critical for the development of novel scaffolds that will have the optimal combination of immunological compatibility, sufficient mechanical strength, and biodegradability (Figure 6-7) . Third, the implanted construct should be incorporated into the healing tissue helping to restore structure and function. 10 Various tissues have been engineered but the most developed are skin substitutes and a number of these produces have US/FDA approval and are currently available. 2 The need for skin grafting has been the driving force behind the development of these skin substitutes. 11 The skin is the largest single organ of the human body and although composed of only two specialized tissue layers, it remains a reconstructive challenge in many cases when compromised. The philosophy of replacing like with like has contributed to the development of the treatment strategies used today. The simplest treatment is secondary closure, which is when a wound is left to heal spontaneously. This does not always lead to a good functional and esthetic result and more complex tissue reconstruction may be necessary. Advanced type of tissue reconstruction in the form of distant-free tissue transfer can lead to superior functional results, but sets large demands on the patient and the surgical team. A large wound area due to its size may not be possible to treat with the patients' own tissue. A layer of tissue, which is mechanically similar to the original skin over a reconstruction site, has to be used in order to complete the reconstruction and to avoid failure. This has made bioengineered skin substitutes a solution that has received much attention lately. Skin substitutes are a heterogeneous group of substances that aid in the temporary or permanent closure of many types of wounds. Depending on wound and product characteristics, different skin substitutes may be chosen. Artificial skin substitutes, products of tissue engineering, consist of microengineered, biocompatible, polymer matrix in combination with cellular, and/or extracellular elements such as collagen. 30 An ideal skin substitute should possess the physical characteristics and function of normal skin while healing takes place. However, no perfect or ideal skin substitute yet exists. 2 
Characteristics and Clinical Use of Skin Substitutes
Skin substitutes are a heterogeneous class of therapeutic devices that vary in their biology and application. Although there is no single perfect skin substitute, certain characteristics can be considered when evaluating alternatives. A long shelf-life and easy storage makes the product readily available. The substitute should be easy to prepare and apply without intensive training. Flexibility of thickness allows the product to be tailored to every type of wound. The product should be able to withstand a hypoxic wound bed and have a degree of resistance to infection in order to allow relatively ischemic tissues to be candidates for application. The ideal skin substitute should have resistance to tensile forces and provide permanent and longterm wound stability. It should reproduce both components of the skin (epidermis and dermis) and provide no antigenicity that could compromise the graft or host or present difficulties with future applications. 2 Because no single product meets all these criteria, each patient case requires careful evaluation before choosing the appropriate treatment. Although many acute and chronic wounds may benefit from a tailored multidisciplinary approach that utilizes one or more of the products mentioned, each patient should be evaluated for other possible therapies before the use of skin substitutes. Adequate assessment of patient-related factors, surgical debridement, and infection control will first have to be performed. Different techniques such as local or regional flaps or microvascular (free tissue) transplantation should be considered and the incorporation of a skin substitute can be included in the patient's treatment plan. If a patient is not considered a candidate for wound or defect reconstruction, creative applications of skin substitute technologies may not only significantly benefit a patient, but also be the only option for wound closure. 2 
Types of Skin Substitutes
Xenografts are tissues transplanted from one species onto another species, used as a temporary graft (e.g., frog skin and lizard skin). Porcine products are the most commonly used xenografts today. 3, 4 Permacol and OASIS are among the currently available products. 31, 32 Allografts are grafts transplanted between genetically non-identical individuals of the same species. Most human skin substitute allografts come from cadaveric sources. Allografts fall into three categories: epithelial/epidermal, dermal, and composite (epidermal and dermal). Within these three categories, they may be acellular, cellular/living, or cellular/nonliving. AlloDerm is a commercial available acellular dermal allograft that was initially developed for skin defects, but it has also been used on burns and soft tissue replacement. [33] [34] [35] This product retains dermal elements and the basement membrane allowed keratinocytes to migrate into the material. A subsequent split-thickness graft or cultured keratinocyte graft is added after neovascularization of the neodermis (Figure 6-8) for epidermal cover. Clinical use of acellularized human cadaveric dermis and ultra-thin skin grafts has shown good clinical results in face, hand, and foot burns. [33] [34] [35] Graftjacket, Neoform, and DermaMatrix are further acellular dermal allografts available. 36, 37 ICX-SKN, TransCyte (also known as Dermagraft-TC) and Dermagraft are cellular dermal allografts which use a scaffold of dermal collagen that is seeded with neonatal fibroblasts to stimulate cells within the host's wound to promote healing. [38] [39] [40] [41] [42] [43] [44] Composite allograft products are the most advanced and closest products to living skin that are currently commercially available. Apligraft and Orcelare are the currently available products. Apiligraf has been used in the treatment of epidermolysis bullosa (EB). In a study of nine patients with 96 sites of skin loss, 90-100% healing was observed by 5-7 days with clinically normal appearing skin in place by days 10-14.
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OrCel, a composite bilayer produce with neonatal keratinocytes impregnated onto a coated nonporous sponge composed of type I bovine collagen has also been used for wound coverage after contracture release in EB patients. 47, 48 The FDA has approved its use for reconstruction or treatment of recessive dystrophic EB of the hands and skin graft donor sites in these patients. Studies evaluating its use in chronic venous and diabetic lower extremity ulcers are ongoing.
Autografts are tissues grafted to a new position on the same individual. They are commonly divided into three main categories: 2 (1) Split-thickness skin grafts (STSGs) which contain the epidermis and a variable thickness of the upper layers of dermis, leaving the remaining layers of dermis in place to heal by secondary epithelialization from the wound edges and keratinocytes within the adnexa of the deeper dermis. (2) Full-thickness skin grafts (FTSGs) which contain the epidermis and the entire dermis. 49 These types of grafts are preferred in areas (Figure 6-9 ). Epicel and Laserskin are among the currently available products. 50, 51 Cultured skin substitute (CASS) is a CEA with the addition of a cultured autologous dermal layer, making it a more anatomically correct skin substitute. This product is still in clinical trials but it does in theory represent the most advanced autologous skin substitute available. The product is created by culturing autologous fibroblasts and keratinocytes with collagen and glycosaminoglycan substrates.
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A synthetic monolayer substitute Suprathel is a monolayer acellular synthetic dressing which has proven to decrease pain when used on donor sites. 54, 55 Synthetic biolayer substitutes are acellular products engineered without allogenic cells, they function as dermal templates and promote in growth of host tissues to repair defects or create a neodermis. After in growth, skin grafting can be performed on top of the new dermis. They also contain a removable silicone epidermal layer to help protect the wound from moisture loss and contamination. Commercially available products are Biobrane and Integra. Biobrane is a biosynthetic skin substitute consisting of a bilaminate membrane of nylon mesh bonded to a thin layer of silicone, which is, coated with porcine type 1 collagen-derived peptides (dermal analogue). The silicone layer functions as temporary epidermis. [56] [57] [58] Integra Bilayer Matrix Wound Dressing is a synthetic bilayer acellular skin substitute composed of an outer silastic sheet (epidermal analogue) with a matrix composed of bovine collagen and glycosaminoglycan (dermal analogue). [59] [60] [61] [62] [63] [64] [65] [66] [67] The silastic sheet provides temporary cover before skin grafting is performed.
What Does the Future Hold in Modern Skin Engineering?
The wound-healing treatments with debridement remain very important. Infection control is vital for any healing. None of the available skin substitutes has been shown to be superior to autologous split-skin grafting (Figure 6-10) . Existing substitutes do also have problems which include graft take, infection, immune and allergic reactions, and the need for a second procedure. We can today cultivate keratinocytes, fibroblasts as well as melanocytes in vitro and the cultivated cells are transplanted onto patients in different ways and in combination with skin substitutes, in order to facilitate wound healing and to provide patients with better esthetic and functional results ( Figures 6-11 , 6-12). The skin cannot regenerate itself and it From Basic Wound Healing to Modern Skin Engineering does heal with scarring which sometimes contracts severely. The future involves further understanding of the wound-healing mechanisms as well as further discoveries of the different functions of the different skin cells. The discovery of plasticity of cells (cells ability to transdifferentiate) may also influence the development of new types of skin substitute products with no antigenicity. [68] [69] [70] [71] [72] [73] The ''key'' to the stimulation of regeneration of the skin could reduce/eliminate skin scarring and provide us with better protection against micro-organisms which continue to threaten our existence.
